Summary Wild relatives of bread wheat are potential sources of valuable genetic materials for wheat improvement. Genomic relationship and cross-ability between plant species can be deduced from chromosomal structure, size and behavior during meiotic division. In this study, the meiotic behavior of 21 wheat genotypes possessing the 3 ploidy levels of diploid, tetraploid and hexaploid and belonging to 3 wild, cultivated and synthetic growing statuses was investigated. The results indicated that the average number of ring bivalents at metaphase I ranged from 60 to 100% in the studied genotypes with the lowest rate belonging to the diploid wild relative wheat species. Four meiotic abnormalities including (1) precocious chromosome migration to the poles at metaphase I, (2) laggard chromosomes at anaphase I and telophase I, (3) chromosome stickiness and chromosome bridge at anaphase I and (4) formation of micronuclei at telophase I and in the tetrad cells were found in the studied genotypes. The highest meiotic abnormalities were found in synthetic wheat accessions. The average value of the meiotic index for the studied wheat genotypes was above 99%, revealing their normal meiotic behavior.
behavior within and among compatible species in order to direct the crosses (Mendes-Bonata et al. 2006) . Meiosis is an event of high evolutionary stability which ceases in a reduction of chromosome number. Meiosis, as a highly coherent integrated process, involves 3 major tasks of co-orientation of homologous chromosomes into the opposite cell poles, reduction of chromosome number and recombination (Cnudde and Gerats 2005) . The most common abnormalities reported in the Gramineae family included precocious chromosome migration to the poles and laggards in metaphases and micronuclei in tetrads (Mendes-Bonata et al. 2006) . The failure of chromosome pairing or formation of multivalent chromosomes has often been observed even in pure varieties of common wheat (Watanabe 1962) . Studies indicated that the percentage of cells with meiotic abnormalities was higher in metaphase I but decreased until telophase II, indicating that some chromosomes were included in the main nucleus (Bione et al. 2000) . Therefore, determination of the meiotic index revealing the percentage of normal tetrads and stability of meiotic behavior has been considered as an important criterion in meiotic studies of plant species. The studies also indicated that chromosome characteristic and their meiotic behavior could also be exploited as a practical tool for choosing parental species to crossing in Gramineae (Mendes-Bonata et al. 2006 , Mendes-Bonata et al. 2009 ). Many studies have been conducted on the meiotic chromosome behavior of different wheat species (Bodanese-Zanettini et al. 1983 , Chaubey and Khanna 1988 , Jauhar 1992 , Naranjo 1995 . Although these studies have yielded insight into the meiotic behavior of accessions/hybrids belonging to the limited number of species and ploidy levels, there is still a lack of information about comparisons of the meiotic behavior among cultivated, wild relatives of wheat and synthetic hexaploid wheat. The objective of this work was to investigate intra-and interspecific variations of meiotic chromosome behavior of pollen mother cells using 21 wheat genotypes belonging to the 3 ploidy levels of diploid, tetraploid and hexaploid of the 9 Ae. umbellulata, Ae. cylindrica, Ae. crassa, Ae. triuncialis, T. monococcum, T. dicoccoides, T. dicoccum, T. durum and T. compactum species and synthetic wheats.
Materials and methods

Plant materials
Twenty-one genotypes comprising 10 wild wheat accessions and 7 cultivated wheat genotypes (belonging to the 9 species of Ae. umbellulata, Ae. cylindrica, Ae. crassa, Ae. triuncialis, T. monococcum, T. dicoccoides, T. dicoccum, T. compactum, T. durum) accompanied by 4 synthetic hexaploid wheats were used in this study. Details of the genetic materials used including species, genome, growing status and origin are given in Table 1 .
Cytological preparation and meiotic analysis
Seeds of 21 genotypes were planted in a field, spikes collected at the early to mid-booting stage and then moved to laboratory. Immature anthers were collected from 10 randomly selected plants of each genotype and fixed in Carnoy's solution (ethanol-chloroform-acetic acid in a 60 : 30 : 10 proportion) for 24 h. Immature anthers were then washed and preserved in 70% ethanol at 4°C until used. Pollen mother cells (PMCs) were extruded under a stereomicroscope and stained with 3% hematoxylin. Chromosome images were taken under a Nikon Eclipse E600 light microscope using Photograb 300Z software (Fuji Photo Film Co., Ltd.). About 400 PMCs at different meiotic phases were assessed for each plant and their meiotic abnormalities were recorded. Meiotic indexes (mi) were calculated from 400 tetrads per plant according to Love's (1949) formula: miϭ(number of normal tetrads/total tetrads)ϫ100. Normal tetrads were considered as those with four equal-sized cells. 
Results and discussion
Ring bivalents
The frequency of ring bivalents at metaphase I ranged from 60 to 100% in the studied genotypes with the lowest rate belonging to the diploid wild relative wheat species. For instance, the Ae. cylindrica species possessed 60% ring bivalents and 40% rod bivalents, while the Ae. triuncialis species possessed 70% ring bivalents and 30% rod bivalents. Tetraploid cultivated genotypes and synthetic hexaploid wheat contained 100% ring bivalents at diakinesis or metaphase I. Fig. 1a shows 14 ring bivalents formed at diakinesis in T. durum cv. Altar. Most accessions of T. dicoccoides revealed 11 ring bivalents and 3 rod bivalents at diakinesis (Fig. 1b) . Three major meiotic processes-chromosome pairing, synapsis and crossing over-are involved in the formation of bivalents (Bass et al. 2000) . Homologous chromosomes previously distributed throughout the nucleus must approach and recognize each other to enter into intimate contact and form bivalents (Maestra et al. 2002) . A high chiasma frequency at meiosis and the formation of at least 1 chiasma per arm caused the formation of ring bivalents in the most metaphase I preparations (Moss and Murray 1990) .
Meiotic abnormalities
Meiotic abnormalities observed in 21 wheat genotypes possessing the 3 ploidy levels of diploid, tetraploid and hexaploid and belonging to 3 wild, cultivated and synthetic growing statuses are given in Table 2 . These include occurrence of laggard chromosomes at anaphase I and II, telophase I and II, precocious chromosome migration to the poles at metaphase I and II, chromosome stickiness and formation of micronuclei in tetrad cells. Meiotic chromosome behavior five growing status-ploidy level groups of the studied wheat genotypes are summarized in Table 3 using means over genotypes of each group. Further details are presented below.
Laggard chromosome
The frequencies of cells in the anaphase and telophase stages that possessed laggard chromosomes were 3.25% in the cultivated hexaploid species, 2.62% in the wild and cultivated tetraploid species, 3.03% in the wild diploid species and 4.07% in the synthetic hexaploid wheat (see Table 3 and Fig. 1c, d) . Ae. cylindrica, T. dicoccoides (4) and T. durum species possessed the lowest amount of laggard chromosomes (2.61%) while synthetic hexaploid wheat Doy1/Ae. squarrosa (458) possessed the highest amount of laggard chromosomes at the anaphase and telophase stages (Table 2) . Chiasma are responsible for the maintenance of bivalents which permit normal chromosome segregation (Bione et al. 2000) ; therefore, any failure in chiasma formation and/or the occurrence of any crossing-over may lead to laggard chromosomes.
Precocious chromosome migration
One percent of the cells at metaphase I and II stages in the synthetic hexaploid wheat showed precocious chromosome migration (Table 3 ). The same amounts in the cultivated hexaploid, wild and cultivated tetraploid and wild diploid species were 0.5%, 0.8% and 0.4%, respectively (Fig.  1e, f) . Synthetic hexaploid wheat Altar84/Ae. squarrosa (221) had the highest rate of precocious chromosome migration (1.02%) among the studied genotypes (Table 2) . Precocious migration of chromosome to the poles is a very common abnormality among plants (Pagliarini and Pereira 1992, Consolaro et al. 1996) . Precocious chromosome migration to the poles may have resulted from univalent chromosomes at the end of prophase I or precocious chiasma terminalization in diakinesis or metaphase I. Univalents may originate in the absence of crossing-over in pachytene or from synaptic mutants (Bione et al. 2000) . During the disjunction of chromosomes at anaphase-I to telophase-I or anaphase-II to telophase-II, the univalent may either be included in a daughter nucleus or lag, divide, or misdivide (Singh 2003) .
Chromosome stickiness/bridge
In the present study, 3.04% of the cells at the anaphase and telophase stages in the synthetic hexaploid wheat possessed the chromosome bridge (Table 3 ). The same amounts in the cultivated hexaploid, wild and cultivated tetraploid and wild diploid species were 1.25%, 1.5% and 2.55%, respectively (Fig. 1g, h) . The lowest and the highest amount of chromosome bridge belonged to T. compactum (1.25%) and synthetic hexaploid wheat Altar84/Ae. squarrosa-221 (3.12%), respectively (Table 2) . Chromosome stickiness may be caused by genetic or environmental factors such as X-rays, gamma rays, temperature, herbicides or some chemicals present in soil (CaetanoPereira et al. 1995, Nirmala and Rao 1996) . The phenotypic manifestation of stickiness may vary from mild, when only a few chromosomes of the genome are involved, to intense, with the formation of pycnotic nuclei that may involve the entire genome, culminating in chromatin degeneration. The presence of meiotic dicentric bridges usually infers the presence of a paracentric inversion in heterozygous condition. Synapsis between inverted and non-inverted chromosomes is accompanied by loop formation in pachytene. The occurrence of crossing over within the inversion loop results in the formation of a dicentric bridge and an acentric fragment, as well as 2 structurally normal chromatids at anaphase I (Stoinova et al. 2006) .
Micronuclei/univalent
One percent of tetrad cells in the synthetic hexaploid wheat contained micronuclei (Table 3 ). The frequencies in the cultivated hexaploid wheat and wild tetraploid species were 0.2% and 0.5%, respectively (Fig. 1i, j) . Others comprising wild diploid and cultivated tetraploid species did not show any micronucleus formation. The highest amount of micronuclei (1.04%) was observed in the tetrad cells of synthetic hexaploid wheat Sca/Ae. squarrosa (518) ( Table 2) . It is characteristic of univalent and laggard chromosomes that they generally lead to micronuclei formation (Koduru and Rao 1981) . In telophase I, the bivalents gave rise to micronuclei with an extremely wide variation in number and size (Pagliarini 2000) . Laggards form genetically inactive micronuclei at telophase II only in single tetrads. At this phase, cell partitions are properly situated, except for 1 preparation where 2 triads were observed (Stoinova et al. 2006) .
Meiotic index
Determination of the meiotic index is a simple procedure for assessing the regularity of the meiotic process and is also a rapid cytological technique that readily demonstrates the degree of meiotic stability (Love 1950) . The higher the meiotic index, the more normal the meiotic chromosome behavior. In the present study, the lowest meiotic index belonged to the synthetic hexaploid wheat (99%). This result was in support of other meiotic parameters in the present study that revealed the highest meiotic abnormalities in the synthetic wheat. Meiotic indices in the hexaploid cultivated wheat and tetraploid wild species were 99.8% and 99.5%, respectively. The diploid wild and tetraploid cultivated species recorded a meiotic index of 100%. These results are in agreement with those of Bione et al. (2000) who demonstrated that the percentage of cells with meiotic abnormalities was higher at metaphase but decreased until telophase II, indicating that some chromosomes were included in the main nucleus. This seems to be normal behavior in many species (Koduru and Rao 1981) .
Despite some meiotic abnormalities observed in wild, synthetic and cultivated wheats in this study, their meiotic behavior could be considered as normal. The phenomenon of micronuclei formation at the pollen quartet stage was used as a measure of meiotic instability and it was found that chromatin loss was highly correlated with univalent occurrence and non-orientation (Myers and Power 1938) . The percentage of normal pollen quartets is called the meiotic index, since this percentage is an index of the regularity of meiotic chromosome behavior. It must be recognized that the meiotic index is also affected by any disturbance of the physiological processes of meiosis (Love 1950) . There are at least 2 possible sources of meiotic abnormalities. One is the failure of pairing due to lack of complete homology, as found in plants heterozygous for any number of chromosomal mutations. The second is the genetic disturbance of the meiotic process. Of course, the two are difficult to distinguish. Although plants with a meiotic index ranging from 90 to 100% are less likely to provide difficulties for the plant breeder, they will be problematic for the plant geneticist. 
